Background The Bernese periacetabular osteotomy (PAO) continues to be a commonly performed nonarthroplasty option to treat symptomatic developmental hip dysplasia, but there are few long-term followup studies evaluating results after PAO. Questions/purposes (1) What is the long-term survivorship of the hip after PAO? (2) What were the validated outcomes scores among patients who had PAO more than 14 years ago? (3) What factors are associated with longterm failure? Methods One hundred fifty-eight dysplastic hips (133 patients) underwent PAO between May 1991 and September 1998 by a single surgeon. Of those, 37 hips (34 patients [26%]) were lost to followup; an additional seven patients (5% [eight hips]) had not been seen in the last 5 years. The 121 hips (in 99 patients) were retrospectively evaluated at a mean of 18 years (range, 14-22 years).
(asymptomatic: 2 ± 2, symptomatic: 11 ± 4, p \ 0.001), and HOOS (asymptomatic: 87 ± 11, symptomatic: 52 ± 20, p \ 0.001) compared with symptomatic hips at longterm followup. Age older than 25 years at the time of PAO (symptomatic: odds ratio [OR], 3.6; 95% CI, 1.3-9.8; p = 0.01; replaced: OR, 8.9; 95% CI, 2.6-30.9; p \ 0.001) and a preoperative joint space width B 2 mm (replaced: OR, 0.3; 95% CI, 0.12-0.71; p = 0.007) or C 5 mm (replaced: OR, 0.121; 95% CI, 0.03-0.56; p = 0.007) were associated with long-term failure while controlling for poor or fair preoperative joint congruency. Conclusions This study demonstrates the durability of the Bernese PAO at long-term followup. In a subset of patients, there was progression to failure over time. Factors of progression to THA or more severe symptoms include age older than 25 years, poor or fair preoperative hip congruency, and a preoperative joint space width that is less than 2 mm or more than 5 mm. Future studies should focus on evaluating the two failure groups that we have identified in our study: those that failed early and went on to THA and those that are symptomatic at long-term followup. Level of Evidence Level III, therapeutic study.
Introduction
Developmental dysplasia of the hip (DDH) is a major cause of osteoarthritis in the young adult hip that can lead to THA at a young age [3, 15, 20, 35, 36, 45, 46] . The abnormal anatomy results in changes to the biomechanics of the hip that lead to axial overloading with decreased contact area, increased contact pressure, and maximum loading at the rim [22, 24, 30] . Joint preservation surgery continues to be a desirable option in the young adult because THA may be associated with early revision [10-12, 16, 18, 34] .
There are few studies evaluating patients at long-term followup after Bernese periacetabular osteotomy (PAO) [2, 40] . Predicting which hips will remain asymptomatic continues to be a challenge and it is necessary to evaluate the long-term results to properly select patients who will have durable results. We previously reported on the 9-year average duration followup in a cohort of 135 hips in 109 patients who underwent PAO by a single surgeon (MM) [31] . The average age of patients at the time of surgery was 26 years (range, 10-45 years), and the cohort included 119 females (88%) and 16 males (12%). In the previous report, 17 hips were converted to arthroplasty and 16 had WOMAC pain scores C 10. With conversion to THA or WOMAC pain score C 10 as the endpoint, 76% of hips survived at an average of 9 years. As the PAO is becoming more widely used [5, 8, 26, 28, 30] , knowledge of longterm outcomes is necessary to educate providers and stratify patients who will benefit from surgery. Predictors of failure and poor outcomes have been linked to advanced age, advanced preoperative arthrosis, flawed preoperative joint congruency, larger preoperative alpha angles, and postoperative impingement [2, 31, 40, 43] . Therefore, it was our purpose to evaluate these factors and to determine if other factors were associated with more severe symptoms and long-term failure.
We therefore asked: (1) What is the long-term survivorship of the hip after PAO? (2) What were the validated outcomes scores among patients who had PAO more than 14 years ago? (3) What factors are associated with long-term failure?
Patients and Methods
This is a retrospective study of 135 patients with DDH. Institutional review board approval was obtained for this study. Patients were located through review of our hospital database, REDCap, and further evaluated with chart review. REDCap is a prospectively maintained institutional database in the orthopaedic surgery department; it includes all patients who are treated with PAO. Inclusion criteria were all patients of the single surgeon (MM) who underwent PAO for DDH from May 1991 and September 1998. Exclusion criteria were prior hip trauma and neuromuscular or connective tissue disorder.
Patients with hip pain who presented to the senior author (MM) with radiographic evidence of femoral head uncovering and a lateral center-edge angle \ 20°as well as closed triradiate cartilage were considered for PAO. Contraindication to PAO was osteoarthritis without remaining cartilage to correct into the weightbearing zone or prior hip trauma. A total of 189 PAOs were performed in 157 patients during the study period and 31 hips underwent PAO for reasons other than DDH. One hundred fifty-eight dysplastic hips were available for review, and of those, 37 hips were in patients who could not be reached or who had died (one patient). A total of 121 hips in 99 patients (74% followup) with DDH were reviewed and this is the group on which all of the analysis was based (Fig. 1 ). An additional seven patients (5% [eight hips]) had not been seen in the last 5 years. The average age at PAO was 27 years (range, 10-45 years). This group consisted of 86 female patients (106 hips) and 13 male patients (15 hips).
The PAO was considered a failure if the patient had undergone a THA on their surgically corrected hip or if the WOMAC pain subscale score was C 10, a level previously described as correlating with significant pain [15] . Hips were stratified into three groups: asymptomatic (did not
The Children's Hospital of Boston Experience 397 meet any failure criteria at any point in time), symptomatic (met WOMAC pain failure criteria at previous or most recent followup), and replaced (having undergone THA). The surgical technique that has been previously reported [31, 32] was performed according to Ganz et al. [14] and, after 1993, modified to an abductor-sparing approach as described by Murphy and Millis [37] . Before September 1994, arthrotomy was not performed. A single surgeon (MM) performed all PAOs.
Activity, pain, and health-related quality-of-life outcomes were collected with the use of a mailed hip questionnaire that included the UCLA Activity Score, modified Harris hip score (pain, function, and activity sections), WOMAC pain score, and Hip disability and Osteoarthritis Outcome Score (HOOS) ( Table 1 ). All of these are validated outcome scores for assessing patients with hip osteoarthritis [4, 6, 38, 41] . The WOMAC pain subscale score addressed pain attributable to the operative hip over the prior 4 weeks and comprised five activity areas: (1) walking on a flat surface; (2) climbing up or down stairs; (3) lying in bed at night; (4) sitting or lying; and (5) standing upright. Pain was scored as 0 (none), 1 (mild), 2 (moderate), 3 (severe), or 4 (extreme). In patients who had bilateral PAOs, they completed the series of questions for each hip individually. Clinical evaluations of patients who were unable to be examined by physicians at our institution were performed by telephone interview (13 patients) or by a mailed hip questionnaire (45 patients). A senior orthopaedic surgery resident (JW) made all phone calls independently of the treating surgeon using an institutional review board-approved standardized phone script.
Preoperative, early postoperative, and late postoperative radiographs were evaluated for the lateral center-edge angle of Wiberg (LCEA), the acetabular roof angle as described by Tönnis, the minimum joint space measured in millimeters, joint congruency as described by Yasunaga, and osteoarthritis grade as described by Tönnis and measured on AP pelvis radiographs. The anterior center-edge angle of Lequesne and de Seze (ACEA) was measured on the false profile radiograph [29, 31, 42, 47, 48] . All patients with radiographs available were reviewed and none was excluded. The Tönnis classification of osteoarthritis was graded as 0 (no changes), 1 (widened sclerotic zone and minimal osteophyte formation), 2 (moderate loss of joint space and cyst formation), and 3 (\ 1 mm of joint space or no joint space). Joint congruency was graded according to Yasunaga as excellent (if the radii of curvature of the acetabulum and the femoral head were identical and joint space was maintained), good (curvature of femoral head and acetabulum not identical but with preserved joint space), fair (joint space partially narrowed), and poor (loss of joint space) [48] . There were 53 hips available for late postoperative radiographic review at a mean ± SD time of 17 ± 2 years from PAO. A senior orthopaedic surgery resident (JW) made all radiographic measurements. Intraobserver reliability was assessed using the intraclass correlation coefficient (ICC) with a (2, 1) modeling scheme for continuous measurements and Twenty-seven hips underwent one or more osteotomies before the PAO and there were 25 hips that had simultaneous intertrochanteric osteotomy. For those hips that had osteotomies before the PAO, 13 underwent an innominate Of the 16 symptomatic hips that failed early by pain (reported a WOMAC pain subscale score C 10 in the prior study [31] ), two were lost to followup, two underwent THA at 16 and 17 years, four still failed by pain at most recent followup, and the remaining eight had WOMAC pain scores \ 10 at most recent followup. The two hips that subsequently went on to THA continued to be part of the symptomatic group for purposes of the statistical analysis as well as the eight patients who reported a WOMAC of \ 10 at most recent followup, because they initially failed because of pain.
Statistical Analysis
Continuous characteristics that followed approximately normal distributions (including age, ACEA, and Tönnis angle) were summarized by mean and SD and compared using Student's t-test. Continuous characteristics that departed from normality (including minimum joint space and LCEA) were compared using the Mann-Whitney U test. Binary and categorical characteristics (age group [B 25 years and [ 25 years], sex, laterality, dichotomized radiographic measurements, joint congruency, labral tear, and crossover sign) were compared using a chi square test or Fisher's exact test, as appropriate. Tönnis grade and trichotomized radiographic measurements were compared across outcome groups using the Cochran-Armitage test for trend. Receiver operating characteristic (ROC) curve analysis was performed for age and for each continuous radiographic measurement outcome. Cutoffs that simultaneously maximized sensitivity and specificity were identified for measurement with respect to each failure outcome by Youden's index. A multinomial logistic regression model using a general estimating equations (GEE) approach to model correlated responses for bilateral hips was applied to all demographic and radiographic characteristics to determine factors associated with asymptomatic, symptomatic, or replaced hips. ROC analysis indicated that dichotomizing age at PAO at 25 years gave optimal predictive power. In addition, a trichotomy of preoperative joint space width (B 2 mm, 2-5 mm, and C 5 mm) and a dichotomy of preoperative joint congruency (poor/fair versus good/excellent) further strengthened the model. Model selection was conducted using a backward selection methodology based on Akaike's Information Criteria [23] . An algorithm based on significant factors was created to predict the probability of an asymptomatic, symptomatic, or replaced hip [1] .
Survivorship analysis for THA was performed using the Kaplan-Meier product-limit method to account for censoring. The 95% confidence limits about the survivor curve were estimated using the Greenwood formula [19] . In addition, hip characteristics, including age, sex, and body mass index as well as preoperative and postoperative radiographic measurements, including minimum joint space width, joint congruency, presence of labral tear, crossover sign, LCEA, ACEA, Tönnis angle, and Tönnis grade, were compared between hips that were lost to followup and those that were available for analysis. No differences were detected between groups, and thus all analyses were conducted under the assumption that the data were missing at random. All tests were two-sided and p values \ 0.05 were considered significant.
Results
Kaplan-Meier analysis with THA as the endpoint revealed a survival rate (95% CI) of 85% (79%-92%) at 10 years, 80% (73%-88%) at 15 years, and 74% (66%-83%) at 18 years (Fig. 2) . Sixty-four hips (53%) remained asymptomatic and did not meet any failure criteria at most recent followup (mean, 18 years; range, 14-22 years). Fifty-seven hips developed some level of treatment failure and were classified as replaced or symptomatic. Twenty-six hips (21%) went on to THA at an average of 9 ± 5 years from the surgery and 31 (26%) were symptomatic. Only five hips (12%) that were later converted to THA were in patients younger than 25 years of age at the time of the PAO. The mean age for asymptomatic hips was younger than that of symptomatic or replaced hips (Table 2) .
At an average of 18 ± 2 years, asymptomatic hips reported better UCLA Activity Scores (asymptomatic: mean ± SD, 7 ± 2; symptomatic: 6 ± 2, p = 0.001), modified Harris hip scores (asymptomatic: 80 ± 11; symptomatic: 50 ± 15, p \ 0.001), WOMAC (asymptomatic: 2 ± 2, symptomatic: 11 ± 4, p \ 0.001), and HOOS (asymptomatic: 87 ± 11, symptomatic: 52 ± 20, p \ 0.001) compared with symptomatic hips at long-term followup (Table 3) .
Based on the adjusted multinomial model controlling for preoperative joint congruency, hips that were older than 25 years at PAO had nearly nine times the odds, compared with hips younger than 25 years, of being replaced versus asymptomatic at followup (odds ratio [OR], 8.9; 95% CI, 2.6-30.9; p \ 0.001; Table 4 ). However, hips that were older than 25 years at PAO had statistically different between the groups nor was it found to be prognostic. A probability algorithm based on the multinomial model indicated that a hip that is at most 25 years old at PAO has good or excellent joint congruency and has a minimum joint space width between 2 and 5 mm, has an 81% probability of being asymptomatic, 15% probability of being symptomatic, and 5% probability of being replaced at an average of 18 years of followup (Table 5) .
Discussion
Few long-term outcomes after PAO have been reported and to our knowledge ours is among the largest; in it, we aimed to define and analyze factors associated with longterm failure [2, 7, 17, 21, 28, 31, 33, 40, 43] . Our data suggest that the ideal candidate is younger than 25 years of age with adequate joint space width and good hip congruency. This study has limitations. First, this retrospective study represents a single surgeon's experience in a high-volume center. This author (MM) is a master technician and as a single-surgeon series, this is a strength and weakness. The results may not be representative of low-volume surgeons or centers, which may limit the ability to generalize the results. In similar high-volume joint preservation centers, this study may help to guide surgeons. Second, intraoperative head and neck offset was not evaluated nor corrected, and postoperative radiographs were not analyzed for head and neck offset during the initial study surgical time period. Albers et al. [2] , in their 10-year retrospective study, found that impingement adversely affected outcome. Unfortunately, we are unable to comment on the possibility of iatrogenic femoroacetabular impingement being a risk factor for failure.
We also note that this is a retrospective case series without a control group. This type of study can suffer from a variety of biases. Selection bias was mitigated by our inclusion criteria, which was well defined and because of such criteria, these results only apply to patients with symptomatic DDH without prior hip trauma or neuromuscular or connective tissue disease. Thirty-seven hips (34 patients [26%]) were lost to followup and although their preoperative characteristics were similar, postoperative survivorship and patient-reported outcomes were not available for these patients. Patients lost to followup allow for transfer bias and therefore these results represent a best case scenario because we are not able to report on the outcomes of those not accounted for. Also, there were eight hips in seven patients who had not been seen at our institution within the past 5 years. We kept these patients and included them in the analysis because our goal was to review a 15-year snapshot post-PAO. We must recognize that there were no comparative preoperative outcome measures available and this is also a limitation to this study. Another limitation is that long-term postoperative 
radiographs were available for only 35 (55%) of the 64 asymptomatic hips and 19 (61%) of the 31 symptomatic hips. Although radiographic data were not part of the failure criteria, long-term postoperative radiographs would have been useful for evaluation. Although bilateral hips were included in the analyses, we were able to adjust for any potential bias introduced by correlated measurements on the same subjects. In addition, when comparing the GEE-adjusted analysis with a standard general linear modeling analysis, the GEE model provided more accurate effect estimates with narrower CIs. Thus, we can assume that little bias was introduced by including bilateral hips and the hips in our study present unique cases of long-term PAO followup. Historically, only conversion to a THA has been considered a failure [2, 8, 21, 40] . In a young adult population, this is not a good marker of PAO failure. We have shown that, despite not undergoing THA, some patients report pain and a diminished quality of life. Therefore, patientreported outcomes are required to properly assess patient pain and function. The main outcome score and determinant of failure used in this and our initial report was the WOMAC pain subscale score (Fig. 3) . A WOMAC pain subscale greater than or equal to 10 has been shown to be a clinically accurate criterion in evaluating hip osteoarthritis as well as those patients undergoing nonarthroplasty hip surgery [9, 13, 25, 27, 39] . Patient-acceptable symptom state and minimal clinically important improvement are important factors when choosing a subjective outcome measure. This WOMAC pain cutoff is useful in this regard and can correctly identify subjects who are satisfied and unsatisfied [13] . We have shown that symptomatic hips (those that failed as a result of WOMAC pain score C 10) reported significantly (p \ 0.001) worse pain, activity, and quality-of-life outcomes than asymptomatic hips in all outcome measures used.
DDH is a known cause of pain and is a substantial cause of morbidity in the young adult population [2, 5, 17] . Few studies have reported on activity-related and quality-of-life outcomes after PAO. Beaulé et al. [5] in their 2014 series on dysplastic hips reported a preoperative UCLA score of 5.3 with an improvement to 6.6 at a median of 5 years postoperative followup. van Bergayk and Garbuz [44] reported on quality of life and sports-specific outcome measures on a small cohort of 22 patients with followup of 2 years. They found a clinically important improvement in WOMAC and SF-36 scores at short-term followup. In our study, the mean long-term postoperative UCLA Activity Score was 7 ± 2 for the asymptomatic hips and 6 ± 2 for symptomatic hips. These results are comparable to Beaulé et al.'s [5] and van Bergayk and Garbuz' [44] . We are able to show at long-term followup that patients undergoing PAO whether asymptomatic or symptomatic are able to remain regularly active.
Steppacher et al. [40] reported on the mean 20-year followup of 58 hips. Forty-one hips (60%) remained preserved and did not undergo THA, and eight hips (20%) that remained preserved were graded as fair or poor according to their mean Merle d'Aubigne scores. Several variables were identified as prognostic. These included age older than 30 years, lower preoperative Merle d'Aubigne and Postel score, positive preoperative anterior impingement test, preoperative limp, greater preoperative arthrosis according to Tönnis grade, and postoperative extrusion index [40] . Our study found that age older than 25 years is an independent predictor of failure whether by results of WOMAC pain subscale score C 10 or conversion to THA. In addition to age, preoperative joint space and preoperative joint congruency further strengthened a prediction model. We were unable to find any postoperative characteristics that were independent predictors of failure. We constructed a simplified table for easy reference to display the long-term prognosis after PAO (Table 5) . A patient who is at most 25 years old at PAO has good or excellent joint congruency and has a minimum joint space width between 2 and 5 mm has an 81% probability of being asymptomatic, 15% probability of being symptomatic, and 5% probability of being replaced at an average of 18 years of followup. Our analysis can help guide surgeons to choose patients who might benefit from PAO and thus help improve outcomes.
In summary, we found that the majority of hips (77%) at an average of 18 years are preserved and had not undergone THA. A subset of patients was identified as having worse outcome measures at long-term followup and were classified as symptomatic (26%). Three factors of having a symptomatic or replaced outcome were identified: preoperative age older than 25 years, preoperative minimum joint space width less than 2 mm or greater than 5 mm, and a poor or fair preoperative hip congruency. Based on these findings, we believe that proper selection of patients is crucial in optimizing outcomes for patients who may benefit from PAO as well as identifying patients who would be better treated with THA. It is important to understand that although we found age older than 25 years to be associated with failure, it should not be used as an age cutoff for surgery, because older patients may benefit from PAO by virtue of other favorable preoperative variables. Future studies should be focused on patients who undergo early replacement or have symptomatic hips despite the identified favorable factors. These patients may have additional poor prognostic features that are not yet apparent.
